Noninvasive imaging approaches that can rapidly assess an ongoing ischemia can be of great value in managing patients with clinically significant coronary artery disease. Although a number of imaging approaches exist for the identification of myocardial territories supplied by stenotic coronary arteries, generally all available imaging methods require provocative stress and/or exogenous contrast media. The most desirable imaging approach is one that can noninvasively and rapidly identify ischemic territories prior to the onset of tissue specific changes (development of edema or necrosis) and can permit the assessment of functional/volumetric status while minimizing patient discomfort.
Previous studies have shown that ongoing ischemia may be detected with CMR (Cardiac Magnetic Resonance) on the basis of stress perfusion and changes in functional indices. More recently, it has been shown that myocardial edema may be utilized as a marker of ongoing ischemia using animal models 1 and patients 2 . While the edema approach eliminates the need for provocative stress, both approaches require separate acquisitions for accurate assessment of functional indices. In this work, we propose and test a new CMR approach for a rapid assessment of myocardial ischemia. The proposed method is based on cardiac phase-resolved steady-state free precession (SSFP) magnetic resonance (MR) signal changes originating primarily from alterations in oxygenation (%HbO 2 ) and secondarily from changes in regional myocardial blood volume (MBV) in the myocardial territory supplied by a stenotic artery. Since the proposed approach can generate functional and tissue specific indices in one acquisition, the proposed approach can provide opportunities to rapidly determine the presence and territory of myocardial ischemia.
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shown that with increasing grade of coronary stenosis, MBV in the myocardial territory supplied by a stenotic artery increases in systole [7] [8] [9] . Thus based on these studies, the relative MBV and %HbO 2 changes between systole and diastole are expected to be different between myocardial territories supplied by healthy and stenotic coronary arteries.
Cardiac phase-resolved BOLD SSFP CMR might provide a unique opportunity to capture these physiological changes and hence assess ongoing ischemia. It is known that T 1 of myocardium is dependent on blood volume 10 and that T 2 is dependent on blood oxygenation saturation 11 .
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6 basal MBV and %HbO 2 are expected to work synergistically to enhance the SSFP-based detection capacity of myocardial territories supplied by stenotic arteries. In this work, we test these hypotheses using a canine animal model of severe coronary artery stenosis and computer/numerical simulations. In particular, we examine whether the systolic to diastolic myocardial SSFP signal intensity ratio (S/D) is greater than 1 in health and is diminished during ischemia. In addition, we investigate the effects of acute coronary occlusion on ejection fraction, wall thickening, and myocardial edema.
Methods

Numerical Computer Simulations
To establish the theoretical foundation and to lend additional support to our hypothesis that MBV and %HbO 2 synergistically contribute to cardiac phase-dependent myocardial BOLD SSFP signal changes, numerical simulations were performed using a two-pool exchange model 13, 15 .
T 1 , T 2 , and SSFP signal changes were computed assuming that the relative MBV is 9% (systole) and 15% (diastole) 16 and myocardial %HbO 2 is 30% (systole) and 80% (diastole) 17 . Systolic and diastolic T 1 changes were computed from the simulations of the dual flip angle technique 18 with flip angles = 3° and 15°. The cardiac phase-dependent changes in T 2 were computed from simulations of the T 2 -preparation method 11 with T 2 -preparation durations of 24 ms and 48 ms.
SSFP signals were computed assuming T R = 6.2 ms and flip angle of 70°. To evaluate phasic changes in T 1 , T 2 , and BOLD SSFP signal intensities, relative changes in T 1 , T 2 , and SSFP signal intensities were computed between systole and diastole, and used to define Systolic to Diastolic me me meri ri rica ca cal l l si si simu mu mula la lati ti tion on ons s s we we were re re pe pe pe p rf rf rfor or orme me med d d us us usin in ing g g g g a a a tw tw two-o-o-po po po p ol ol ol e e exc xc xch h h changes in S/D, we performed additional simulations. Simulations assumed that during ischemia, MBV was 15% (systole and diastole) and %HbO 2 = 10% during systole and was unchanged in diastole. All other parameters were held to the values as before in simulating the signal behavior of standard cine SSFP and BOLD SSFP.
Animal Protocol
Mongrel dogs (n=14, 5 female, 20-25 kg) were studied under the protocols approved by the Institutional Animal Care and Usage Committee. Animals were acclimated for seven days and were pre-medicated with Buprenex (0.01-0.02mg/kg IM or SQ), anesthetized with Propofol (3.5-7.0 mg/kg IV), intubated and placed on gas anesthesia with Isoflurane (2-5%) and Oxygen (1 L/min) prior to surgery. Subsequently, dogs were ventilated with a Drager Narkomed 2A Anesthesia machine (Drager, Lubeck, Germany a left lateral thoracotomy was performed. Catheters were inserted into the descending aorta and the right and left atria and were routed so that they exit the body via the chest cavity. A MR-compatible hydraulic occluder was placed around the LAD artery.
An intercoastal block was performed with Bupivicaine (0.5%, 3mg/kg/ SQ) and Buprenex (0.01-0.02mg/kg IM). The ribs, muscle, and subcutaneous layers were closed with sutures and were allowed to recover for 7 days prior to CMR studies. On the day of the CMR studies, dogs were fasted, sedated using Innovar (Fentanyl 0.4mg/ml and Droperidol 20 mg/ml, IM) and anesthetized using Propofol (3.5-7.0mg/kg, IV). Animals were intubated, placed on CMR scanner 
Imaging Protocol
All imaging studies were performed on a clinical 1.5T MRI system (MAGNETOM Espree ® , Siemens Healthcare, Germany). Animals were positioned in feet-first right-anterior oblique position and a surface coil was placed over the chest for signal reception. The study protocol is shown in Figure 1 . Following scout scans to localize the axes of the heart, whole-heart shimming 20 was performed and the shim values were held constant throughout the study. No imaging acceleration schemes were utilized and built-in coil normalizations 21 were performed to ensure signal homogeneity within the myocardium. In addition, breath-holds (mechanical suspension of the ventilator) were limited to no more than 25 seconds to avoid spontaneous breathing of the animals during the acquisition.
CP-BOLD SSFP imaging:
Following scout scans, a breath-held, retrospectively gated, flow and motion-compensated 2D short-axis cine BOLD SSFP sequence 22 was prescribed over the midventricle at rest (without and with severe LAD stenosis). Scan parameters were: field-of-view = 240x145 mm 2 ; spatial resolution = 1.2x1. Edema images were acquired immediately after the cine acquisitions (12±2 min post stenosis)
and following 3 hours of ischemia.
Late Gadolinium Enhancement (LGE) imaging:
LGE scans (matched to the BOLD imaging 
Image Analysis
All SSFP studies were analyzed with custom Matlab (The Mathworks, Inc, USA) software developed in our laboratory. Endocardial and epicardial borders were manually traced for an image in systole and the RV groove was manually identified. The borders were propagated (tracked) automatically in all images of the cardiac cycle using a myocardial border tracking method 24 . Subsequently, the myocardium was further segmented automatically into 6 segments per image according to standard practice 25 . Based on the automatically estimated blood volume ions (12±2 mi i i i i in n n n n n n B e e M
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Using post-reperfusion LGE images, a remote (non-infarcted territory) was identified on the edema-weighted images and was used to determine edematous territories using a 2 standard deviation threshold criterion as before 26 .
Systolic to Diastolic Ratios
On the basis of presence of tissue damage on the LGE images acquired 3 hours post reperfusion, two regions of myocardial segments were identified on the BOLD SSFP and cine SSFP images:
"affected" as those affected by the LAD stenosis and "remote" typically in the LCX territory.
The same regions (myocardial segments) were used to evaluate BOLD and cine SSFP signal changes under baseline or stenosis conditions. The average pixel intensity of a region was measured for each cardiac phase and recorded as a time series, which was subsequently, smoothed using a moving average filter of length 3. On the basis of the smoothed time series, the S/D of a region was defined as:
, where ES and ED are as defined above. This process was repeated for the remote and affected regions under baseline and stenosis conditions, on BOLD and standard cine image stacks.
Cardiac Function
Ejection Fraction (EF) was estimated from BOLD SSFP images using the endocardial delineations used in the analysis described above. Myocardial wall thickening (WT) was 
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Statistical Analysis
Data are reported as mean ± SEM. One-tailed t-tests were used to test the null hypothesis that S/D 1 for any region independent of condition. A two-way repeated measurement ANOVA was used to test the within subject effects of region (two categories: remote and affected) and condition (two categories: baseline and ischemia) and their interaction on S/D derived either based on BOLD or standard cine studies. The same test was used to assess the effects of region and condition on sWT measurements derived based on BOLD studies. The identity of the canine was used as a fixed effect. Bonferroni post-hoc tests were used when appropriate. A paired t-test was used to test the null hypothesis that EF at baseline and ischemia are equal. Receiver
Operating Characteristic (ROC) analyses were performed to determine the diagnostic power of the proposed biomarker (S/D) in relation to EF and sWT using groupings of positive and negative diagnoses, shown in the Table. Differences in area-under-the-curve (AUC) between ROC curves, were compared using the critical z-ratio 27 . Normality of study data was tested by the Shapiro-Wilks and Kolmogorov-Smirnov tests to indicate the appropriateness of parametric testing. The significance level for all tests was set at p<0.05. All analyses were performed using OriginPro (OriginLab Corporation, ver. 8, Northampton, MA).
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Results
Out of the 14 animals, insufficient occluder fidelity (variable Doppler flow throughout the ischemia period) was evident in 3 animals and results from these animals were excluded from further analysis. Overall, 11 animals were studied and 22 BOLD and cine (baseline and ischemia), 33 edema-weighted (baseline, ischemia, reperfusion) and 22 LGE (during ischemia and post reperfusion) images were available for analysis.
LGE studies (during ischemia) showed that no animal experienced infarction, while all LGE studies post reperfusion showed myocardial injury. All study data were found to follow normal distribution and are reported as mean ± SE. In Figure 4 , edema-weighted and LGE images, as well as a gross histology (TTC) image acquired from the same animal in Figures 2 and 3 , are shown. Note that edema appears to be absent at baseline and during early ischemia but is clearly present following reperfusion after a 3-hr ischemic period. Similarly, LGE images show that no enhancement is present in the early ischemic phase of the study, but is clearly present following the 3-hr ischemic period followed by reperfusion, and is confirmed by the gross histological, TTC, staining.
Our statistical analysis showed that EF was markedly reduced during ischemia compared to baseline (0.25±0.03 (ischemia) vs. 0.45±0.03 (baseline); p<0.001; Figure 5A ). sWT measurements ( Figure 5B ) showed region to have a statistically significant effect (remote vs. LGE GE GE i i ima ma mage ge ges s s sh sh show ow ow t t tha ha ha a at t t no no no e e enh nh nh han an ance ce ceme me ment nt nt i i is s s pr pr pre e e vary across regions, and that regional ischemia may affect sWT measurements in a global fashion. Subject effects were not statistically significant (p~1). .06 6 6 (i (i (i ( sc sc sche he hemi mi mia) a) a) )) ) ) ) ) an an an n nd d d in in inte te tera ra ract ct ctio io ion n n we we were re re no no not t t s s s condition (1.05 (baseline) vs. 1.02 (ischemia); p=0.09) and their interaction (p=0.87). Subject effects were not statistically significant (p~1).
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EF may be capable of discriminating between baseline and ischemia at rest ( Figure 7A ). The proposed method based on S/D, achieves comparable performance with EF (AUC=0.87 vs. 0.89) and is able to identify the affected territory solely using BOLD images acquired during ischemia ( Figure 7B ). sWT (AUC=0.75) appears to underperform S/D; however, this difference was not statistically significant (z-ratio=0.96, p=0.33).
Discussion
Recently, the use of CMR for evaluating myocardial ischemia has received significant attention 28, 29 . A number of non-invasive imaging approaches have been proposed for the identification of ischemic territories, although these methods typically require provocative (exercise or pharmacological) stress 30, 31 . Although the edema approach is appealing given it is performed at rest and does not require contrast injections, it requires the appearance of edema within the ischemic period, which may be related to the time of onset of ischemia, and may be limited by the lack of specificity of an ongoing ischemia or a recent reversible injury. In this work, we demonstrated a contrast-free CMR approach for rapidly assessing myocardial ischemia without provocative stress, prior to the evolution of edema. The proposed method relies on the differences between systolic and diastolic BOLD SSFP signal intensities, attributable to changes in MBV and %HbO 2, to determine the ischemic territory. In particular, we demonstrated that with ischemia, regional S/D values are significantly reduced, which may allow for the detection of ischemic territories at rest. We also showed that the proposed approach could complement hods ds ds ds ds ty ty ty ty typi pi pi pi p ca ca ca ca call ll ll ll lly y y y y re re e e equ qu qu qu quir ir ir ir re e e pr pr pr pr prov ov ov ov ovoc oc oc oc ocat at at at ativ iv iv iv ve e e e e (exerc standard volumetric indices, ejection fraction and segmental wall thickening, for localizing ischemic territories. Hence the deployment of cine BOLD MRI in place of standard cine MRI provides incremental improvement for the assessment of myocardial ischemia without resorting to provocative stress or appearance of edema.
Our simulations and experimental findings demonstrate the capability of the proposed method to identify ischemic territories on the basis of cardiac phase-dependent BOLD signal changes under rest. These findings confirm our hypothesis that systolic and diastolic BOLD SSFP signal intensities should be different in the absence of ischemia and that such differences are marginalized in the presence of ischemia. In addition, consistent with the theoretical prediction,
we also found that when the BOLD effect is minimized (minimal TR, standard cine SSFP), the S/D ratio of SSFP signal intensities to be indifferent in the presence or absence of coronary artery stenosis. Since T 1 effects are equally present in standard SSFP and BOLD SSFP
acquisitions, it appears that the T 2 effect (which is sensitive to changes in TR and is affected by changes in %HbO 2 ) 15 is the dominant source of the observed effect.
More recently, it was shown that myocardial edema could be useful in identifying ischemic territories prior to the appearance of myocardial necrosis 30, 32 . Using canines, Abdel-Aty and colleagues showed that the appearance of edema may be observed as early as 30 minutes following ischemic insult to the myocardium 32 . In this study, we showed that S/D changes in the affected territories are apparent even before the appearance of edema. This suggests that the alterations in MBV and %HbO 2 , in response to coronary obstruction, precede intracellular t such differenc nc nc nc nc nc nce While we observed the S/D ratio to be significantly reduced in the setting of ischemia, it appears that the baseline S/D values vary throughout the myocardium and may not be uniform, as observed in Figure 6 . These variations may be explained on the basis of phasic differences in coronary blood flow 33 . Additional studies are likely necessary to determine/confirm the source of these regional differences.
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In addition, the derivation of S/D depends on the accurate identification of ES and ED. Our It is known that wall motion abnormalities and ejection fraction changes accompany significant ischemia. Although there are cut-offs for healthy EF, accepted cutoffs for sWT are not available.
Since changes in EF are not unique to acute myocardial ischemia, additional indicators are necessary to confirm ongoing ischemia. The lack of accepted cutoffs for sWT in the literature may be justified in part due to the segmental wall thickening (sWT) varying among territories even under baseline, as we observed. In addition, since regional ischemia induces regional and global alteration in cardiac contraction, sWT appears to have limited ability to identify regional ficat tio io io io io io ion n n n n n n of of of of of of of E E E E E E ES S S S S S S an a n uantitative method for determining these key cardiac phases. v v vit it ity y y an an anal al alys ys ys y y is is is (n (n (not ot ot s s sho ho hown wn wn h h her er ere) e) e) ) p p p p per er ertu tu turb rb rb r r in in ing g g th th th he e e lo lo loca ca cati ti tion on ons s s of of of E E ES S S ischemic territories solely on the basis of wall motion. This is consistent with the findings of others that sWT measurements between remote and affected territories are in fact correlated and cannot precisely identify ischemic territories 34 .
Our analysis found that sWT had a large AUC (Area-Under-the-Curve) for identifying affected from remote territories in the presence of ischemia. Similarly, the ANOVA test also showed that S/D could also reliably identify the affected territory when all the data and repeated measures are taken into account. Although EF and sWT are markers that aim to quantify the anatomical changes induced by ischemia, their exact values may vary among individuals and myocardial territories, respectively. On the other hand, S/D is a marker of MBV and %HbO 2 that is altered due to ischemia, which is independent of anatomy but on tissue specific changes. Further investigations are necessary to evaluate whether the anatomic information (EF, sWT) and tissuespecific information (S/D), derived from a single MR study, can be optimally combined to further increase accuracy 35 .
Since the differences in S/D ratios between non-ischemic and ischemic segments from this study was approximately 15%, additional improvements in sensitivity are expected to be necessary to extend this approach to investigate stable but significant coronary artery disease. Since 3T BOLD SSFP is expected to yield approximately a 3-fold increase in sensitivity 36 to changes in myocardial %HbO 2 , we anticipate further studies at 3T to be of great value. In addition, it is expected that more advanced image registration and myocardial-tracking methods that operate at the pixel-level would further increase sensitivity and specificity.
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i s s ich ch ch ch ch is inde de de de depe pe pe pe p nd nd nd nd nden en en en ent t t of of of of of a a a a an n n n nat at at at a om om om om my y y bu bu ut on on on on on t t t t tis s s s ssu su su s sue e e sp sp sp sp s ec c c c cif if if if ific ic ic ic ic c c cha ha ha ha hang ng ng ng nges e e e e ces s s s ssa sa sa sa sary ry ry ry ry t to o o ev ev eval al al al a u u ua u u te te e e e w w w w whe h h h h th th th th the e e e er r r r r th th th th the e e e e an an an an anat at at at atom om om om omic ic ic ic ic i i i i inf nf nf n n or or orma ma ma ma mati ti ti ti tion on on on on ( (EF EF EF The current study only examined the cardiac phase-resolved BOLD SSFP signal changes under severe (flow limiting) acute stenosis. It would be useful to examine whether appreciable S/D signal differences can also be detected in the setting of clinically significant but stable (non-flow limiting) coronary artery stenosis. We anticipate that S/D ratios to be directly related to stenosis extent and hence with increased sensitivity (for instance by imaging at 3T), it may be possible to detect critically significant coronary artery disease, even when LV function is within normal limits, without resorting to provocative stress. Should such changes be detectable, it could provide a truly noninvasive imaging paradigm for diagnosing ischemic heart disease.
Limitations
This is a pilot study investigating S/D changes using an oxygen sensitive imaging sequence in the presence of coronary artery stenosis under rest in 11 animals. The proposed method remains to be validated in patients. Image processing methods that can rapidly and automatically segment and analyze cardiac phase-dependent myocardial BOLD images are also expected to be useful for effective translation of the proposed approach into the clinical arena.
Since this study used a 2D flow-compensated CP-BOLD SSFP sequence 22 , it is possible that through-plane motion of the heart may have an effect on the results. However, to limit the effect of through-plane motion on phase-dependent signal and to accurately segment the LV myocardial wall, we only considered the mid-ventricular section of the myocardium, where it is expected that such motion is significantly lower than the basal slices. In fact, standard cine In In In n n a a add dd dd dd ddit it i itio o o on n n, n n t t t t th he he he he s s s s sim im im im imu u u u ula la la la lati ti ti ti ion on on on ns s s s s al al al al also so so so so d
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Conclusion
Using a controlled canine model, we have provided the first evidence that it is possible to identify ischemic territories secondary to severe coronary artery stenosis on the basis of cardiac phase-resolved myocardial BOLD CMR without exogenous contrast agents or provocative stress, prior to the evolution of myocardial edema. The proposed method may be valuable in determining the presence of ongoing ischemia in patients.
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